Abstract-This paper presents the performance analysis of a high-speed surface mounted permanent magnet (PM) brushless DC motor by using an improved phase variable model. Magnetic field finite element analyses are conducted to accurately calculate key motor parameters such as air gap flux, back electromotive force and inductance, and their dependence on rotor position and magnetic saturation. To evaluate the comprehensive performance of the motor, especially the motor output at high-speed operation, which is affected by the dynamic inductances, an improved phase variable model is derived. In the model, the rotor position dependence of the key parameters is taken into account. The motor prototype has been constructed and tested with both a dynamometer and a high-speed embroidery machine, validating successfully the theoretical calculations.
INTRODUCTION
Thanks to their many advantages such as high efficiency, high power density and high drive performance, permanent magnet (PM) brushless DC (BLDC) motors have been widely used in industrial and domestic appliances, and a large amount of work has been conducted for their advanced design and performance analysis [1] [2] . However, these analyses are generally based on many simplifications and assumptions such as ideal trapezoidal waveform of back electromotive force (emf), constant winding inductance versus rotor position, negligible cogging torque and core loss. To accurately analyze the BLDC motor, the real waveforms of these parameters should be included [3] [4] .
For performance evaluation, compared with an equivalent electrical circuit model, the time-stepping nonlinear magnetic field finite element analysis (FEA) can provide accurate results but is more time consuming. A phase variable model of BLDC motor based on FEA and coupled with external circuits, which behaves much faster with the same level of accuracy, has been introduced and verified in [4] [5] . In the model, the inductances, back emf and cogging torque were obtained by nonlinear FEA. However, the equation-based model cannot be applied to BLDC directly and an additional model composed of several circuit components has to be employed. To solve this problem, a pure mathematic method is proposed in this paper. By using the method, the central point potential (voltage) of the Y-type three phase windings can be worked out, so that the port voltages of three phase windings can be obtained and the model can be directly applied to BLDC motors. The theoretical procedure is given in detail.
The improved phase variable model has been implemented in the Simulink environment and used to analyze the performance of a high-speed surface mounted PM BLDC motor for driving embroidery machines. In the model, key motor parameters such as winding flux, back emf, inductance and cogging torque are accurately determined based on magnetic field FEAs, which can take into account the details of motor structure and dimensions and the nonlinear properties of ferromagnetic cores. The simulations agree with the experimental results on the motor prototype operated with a BLDC control scheme.
II. IMPROVED PHASE VARIABLE MODEL OF BLDC MOTOR
The d-q frame, which does not exist actually, shows no advantage over the abc frame [4] . For a BLDC motor with three symmetrical phase windings of Y-connection without the central line, the equation-based model in the abc frame is given by 
where L abc is the inductance matrix and the difference between "apparent" and "differential" definitions is ignored here, ψ sj (j=a,b,c) is the flux linkage of phase winding j, and p is the number of pole-pairs. The rest of parameters are used as their conventional meanings. The profiles of L abc , e abc and T cog are obtained from the nonlinear transient FEA solutions, in which the rotor position dependence and the saturation effect are considered. 
When Fig. 3 shows the magnetically relevant parts of the PM BLDC motor prototype [7] [8] . The laminated stator has 12 slots, in which the three phase single-layer windings are placed (not shown for clarity). The rotor core and shaft are made of solid mild steel, and four pieces of NdFeB PMs are mounted and bound on the surface of the rotor. The stator core has an inner diameter of 38 mm, outer diameter of 76 mm, and axial length of 38 mm. The main air gap length and the height of PMs along the radial magnetization direction are chosen as 1 mm and 2.5 mm, respectively. The motor is designed to deliver an output torque of 1.0 Nm at a speed of not less than 5000 rev/min. Fig. 4 illustrates the plot of magnetic flux density vectors at no-load at θ=0 o , i.e. the rotor position shown in Fig. 3 . From the no-load field distribution, the PM flux (defined as the flux of one coil produced by the rotor PMs), back emf of one phase winding, and cogging torque can be determined. The curves of these parameters against the rotor angular position or time can be obtained by a series of magnetic field FEAs at different rotor positions. Fig. 5 shows the no-load flux linking a coil (two coils form a phase winding) at different rotor positions.
III. PERFORMANCE SIMULATION OF A BLDC MOTOR
By applying the discrete Fourier transform, the magnitude of the fundamental of the coil flux was calculated as φ 1 =0.543 mWb, and the emf constant can then be determined as 0.2457 Vs/rad, by
where p=2 is the number of pole-pairs and N s =320 the number of turns of a phase winding. The torque constant can be obtained by K T =mK E , where m=3 is the number of phases.
From the no-load magnetic field distribution, the cogging torque curve can also be calculated by the Maxwell stress tensor method, or the virtual work method. It was found that the cogging torque of this surface-mounted PM motor is very small with a maximum value of 0.014 Nm.
The behavior of the motor equivalent electrical circuit is dominated by the incremental inductance rather than the apparent inductance. In this paper, the winding incremental inductances are calculated by a modified incremental energy method [9] , and the results are shown in Fig. 6 . By using the improved phase variable model, comprehensive performances of the BLDC motor can be simulated, such as the curves of speed, current and torque during the start-up or transients when the load or power supply changes. For example, Fig. 7 illustrates the speed curve during the start-up with the full load of 1.0 Nm and the rated inverter voltage of 310 VDC. It can be seen that the motor speed can smoothly increase to the rated speed of 5000 rpm. Fig. 8 illustrates the applied voltage, back emf and current of the three phase windings and Fig. 9 shows the bus current waveform. IV. EXPERIMENTAL VALIDATION Theoretical computations and simulations are validated by the experiments on the prototype. The back emf, for example, was obtained by measuring the open-circuited terminal voltage when the machine was driven by a DC motor at different rotor speeds and the experimentally determined emf constant is 0.2464 Vs/rad, which is very close to the theoretical value. Fig.  10 shows the measured back emf by an oscilloscope. It can be found that the waveform of back emf is similar to that of the PM flux shown in Fig. 5 . Fig. 11 shows the measured phase current, which agrees with the simulated result in Fig. 8 . The steady-state mechanical characteristic is also measured and illustrated in Fig. 12 . The measurement was conducted with an input voltage of 220 VAC, corresponding to the inverter voltage of 310 VDC. It can be seen that the motor can operate in a steady speed of no less than 5000 rpm with the rated torque of 1.0 Nm.
Other parameters, such as the winding inductances are also in substantially agreement with the theory. V. CONLUSION This paper presents an improved phase variable model to evaluate the comprehensive performance of a high speed PM brushless DC motor in both dynamic and steady conditions. A pure mathematical method is proposed to achieve the central point voltage of the Y-connected three phase windings so that the phase voltages can be obtained and the model can be directly applied to analyze the BLDC motor. Key motor parameters are obtained by magnetic field FEAs, in which the rotor position dependence and saturation effect are considered. The data are stored in look-up tables and will be retrieved during the simulation. The presented model has the same accuracy of the full FEA model with much shorter CPU time. The simulations are validated by experiments on the prototype.
